Global efforts to conserve biodiversity have the potential to deliver economic benefits to people (i.e., ''ecosystem services''). However, regions for which conservation benefits both biodiversity and ecosystem services cannot be identified unless ecosystem services can be quantified and valued and their areas of production mapped. Here we review the theory, data, and analyses needed to produce such maps and find that data availability allows us to quantify imperfect global proxies for only four ecosystem services. Using this incomplete set as an illustration, we compare ecosystem service maps with the global distributions of conventional targets for biodiversity conservation. Our preliminary results show that regions selected to maximize biodiversity provide no more ecosystem services than regions chosen randomly. Furthermore, spatial concordance among different services, and between ecosystem services and established conservation priorities, varies widely. Despite this lack of general concordance, ''win-win'' areasregions important for both ecosystem services and biodiversitycan be usefully identified, both among ecoregions and at finer scales within them. An ambitious interdisciplinary research effort is needed to move beyond these preliminary and illustrative analyses to fully assess synergies and trade-offs in conserving biodiversity and ecosystem services.
biodiversity ͉ carbon ͉ hotspots ͉ Global 200 ͉ conservation planning E fforts to conserve wild nature have traditionally focused on biodiversity: the variety of life on earth at scales from genes to ecosystems (1) . Recently, conservationists have become interested in another aspect of conservation: the goods and services from ecological systems that benefit people (e.g., water purification, carbon sequestration, and crop pollination). These ''ecosystem services'' are currently the focus of intensive research, development, and policy attention (2) (3) (4) . The Millennium Ecosystem Assessment (5) documented the importance of ecosystem services to human well-being and showed that continued supply of these services is threatened by unsustainable anthropogenic activities (5, 6) . Conservation groups have begun to promote ecosystem services and the benefits that biodiversity programs confer on people (7), but there is little direct evidence of this effect beyond a few local case studies (8) (9) (10) . To effectively integrate ecosystem services into planned or existing conservation programs, we need to more broadly evaluate the spatial concordance between areas that produce ecosystem services and those that support biodiversity.
Such evaluation will require the best available data on the distribution of both ecosystem services and biodiversity. On the biodiversity side, the past 20 years have seen progress from extrapolations and general guesses about biodiversity in biomes such as tropical forests (11) to comprehensive, high-resolution global datasets on species ranges of a number of taxonomic groups (12) (13) (14) (15) . To accompany these improving data, researchers have developed sophisticated methods for prioritizing conservation efforts (16) (17) (18) .
In contrast, the spatial estimation of global ecosystem service values remains quite crude. Similar to initial estimates of species richness, an early and controversial study on global ecosystem service values used localized, context-specific valuation studies to extrapolate economic values for the whole world (19) . Ten years after this study was published, global and regional efforts to map ecosystem services continue to use these estimates (20) (21) (22) , despite the well known limitations (23) . In addition, few studies have taken advantage of recent technical advances in the selection of priority areas for biodiversity and adapted these advances to cover ecosystem services (but see refs. [24] [25] [26] .
To move forward, global ecosystem service assessments must generate better maps of where ecosystem services are produced, quantify the likelihood of land use conversion and its probable impact on service provision, and understand the value and flow of benefits to nearby and distant human populations. This will require an extraordinary interdisciplinary effort (see Table 1 ) yet is vital for informed decision-making. For example, payments for ecosystem services (PES), which involve those who benefit from an ecosystem service compensating those who provide the service, will only benefit biodiversity conservation if there is spatial congruence between important areas for biodiversity and ecosystem services and if there is congruence in the particular land use regimes that best deliver both targets. Because characterizing multiple ecosystem services and biodiversity across the same region has only recently emerged as a field of study (27, 28) , these levels of congruence are poorly understood, and the little quantitative evidence available to date has led to mixed conclusions (26, 29) .
The above represents an ambitious research agenda for at least the coming decade, but how far can we get today? Here we explore this question by using available data of global extent and find only four ecosystem services for which we could map proxies at a global scale, and even those data are imperfect (Table 1) . We assess these maps against the elements necessary for comprehensive mapping of global ecosystem services. Then, using this incomplete set, we illustrate the potential synergies and conflicts between the conservation of ecosystem services and more conventional biodiversity targets. We use ecoregions as the individual planning units because they are widely accepted as a useful template on which to base global-scale priority-setting (30) and because comprehensive data on vertebrate species distributions have recently become available for all terrestrial ecoregions (15) . We ask four main questions: (i) How well correlated across space are the four ecosystem services? (ii) How do conservation priorities focused on biodiversity capture ecosystem services, and vice versa? (iii) Which of the world's terrestrial ecoregions represent ''win-win'' locations for biodiversity and ecosystem services (given current data on both) and which represent trade-offs? and (iv) Do these global patterns hold at within-ecoregion scales, where conservation investments are typically made?
Results
Ecosystem Service Maps. We found only four ecosystem services for which we could develop spatial proxies (maximum resolution 0.5°) to represent their global geographic distribution (Table 1) . Clearly, these four represent only a small subset of all important ecosystem services, but we were unable to locate global data for any others (we did not consider marine services, despite their economic and nutritional importance). Below we define each service, describe the proxies we developed to map them, compare these proxies with the ideal elements in Table 1 , and highlight the major limitations of each proxy. See Materials and Methods for more details on proxy development.
Carbon sequestration is the net annual rate of atmospheric carbon added to existing biomass carbon pools, helping to slow global climate change. Our proxy for the spatial distribution of carbon sequestration across the globe was net carbon exchange (NCE) produced in simulations using the Terrestrial Ecosystem Model (TEM) (31, 32) [supporting information (SI) Fig. S1 A] . Because this service is, in principle, enjoyed everywhere, irrespective of its point of production, spatially explicit models of service flows (Table 1 , row 2) to beneficiaries (Table 1, row 3) are unnecessary. However, mapping the actual benefits of carbon sequestration would require additional spatial data on (i) the probability that a given parcel of land of a given biome is converted from its current state and (ii) the differences in rates of carbon sequestration between previous and new states ( Table  1 , rows 5 and 6). The main limitation of our proxy is that it is model-based, not observational, and therefore depends heavily on the assumptions, input variables, and time scales that defined the particular TEM simulation we used (simulation S3 in ref. 31) .
Carbon storage is the amount of carbon stored in vegetation (both aboveground and belowground) and, therefore, an avoided flow of carbon into the atmosphere. Our proxy for carbon storage (Fig. S1B ) was Olson's classic estimates of aboveand belowground carbon stored in various biomes, updated using the Global Land Cover 2000 (GLC2000) land cover map (33) ( Table 1 , row 1). Because carbon storage avoids the prospect of further exacerbating global climate change, its remaining elements in Table 1 are identical to those for carbon sequestration. The main limitations of this proxy measure are that it is based on data that were originally published more than 20 years ago and that the original measures only coincide with 18 biome types that are mapped globally and assigned a single carbon value. Nevertheless, this is still the only globally consistent dataset based on observations of carbon in vegetation biomass (N.
Ramankutty, personal communication).
Grassland production of livestock is the annual production of livestock derived, at least in part, from grazing on unimproved natural grasslands (Fig. S1C) . We mapped livestock production on natural grasslands by combining global data on livestock distributions (34), producer prices, and current and potential vegetation (35, 36) (Table 1 , row 1). Because the economic benefits from livestock on grasslands are realized primarily at the point of production (Table 1 , row 3), there is essentially no further flow before the service reaches its primary beneficiaries (Table 1 , row 2). Limitations of these data include problems associated with mapping of pastures from remotely sensed imagery (e.g., it is difficult to determine from remote sensing whether grasslands have been ''improved'' by the introduction of nonnative species) and the lack of spatially explicit weightings that would reflect differences in the economic value of livestock species in different regions of the world.
Water provision is water used for irrigation, industry, domestic consumption, and livestock production. Our map of water provision ( Fig. S1D ) was based on the global hydrological model WaterGAP (37) , which provides spatially explicit estimates of water availability and water use for various economic sectors (Table 1 , row 3). We attributed the flows of this water upstream from their points of use to their points of production ( Table 1 , rows 1 and 2) by dividing the world into drainage basins (38) and distributing the total volume of water used in a basin among all basin grid cells in proportion to a cell's runoff level. The main limitations of our proxy are that it ignores both spatial variation in water value (depending on scarcity and type of use) and, crucially, changes in water provision resulting from land use change (Table 1 , rows 4 and 5). Hydrological responses to changes in vegetation are complex and controversial (39); our global surface, therefore, shows only where any such changes would impact the most water as currently provided. Entries in bold are those we were able to address for the four services examined here.
Comparisons Between Ecosystem Services and Biodiversity. To assess the spatial concordance among ecosystem services at the global scale, we calculated mean per-unit-area ecosystem service production for each ecoregion. Log-transformation of these averages, and subsequent Pearson correlation analyses, revealed little correspondence among services; no pair of services had a correlation coefficient Ͼ0.2 ( Table 2 ). Next, we tested how well areas selected to maximize biodiversity capture ecosystem services, and vice versa. We used integer programming optimization methods (40) and ecoregion distribution data for mammal, bird, reptile, and amphibian species as our measures of biodiversity, conducting separate analyses for each taxonomic group. We first maximized species representation, determining the set of ecoregions that together contained the most species for a given total area. We compared the resulting species accumulation curves with the equivalent curves derived by choosing ecoregions to maximize total ecosystem service provision. On average for all taxa, we found that (for levels up to 90% of species representation) optimizing for individual ecosystem services conserved only 22-35% as many species for a given area as did optimizing for species, that is, no more than were conserved by selecting ecoregions at random (Fig. 1A) .
We then conducted the converse analysis, selecting ecoregions to maximize ecosystem service provision and comparing these results with service levels captured while maximizing species. We found that maximizing species representation for a given area captured only 17-53% of maximum ecosystem service provision, depending on which service was considered and at which area limit the comparison was made. These levels of ecosystem service capture from species optimization were, again, no greater than those from a random selection of ecoregions (Fig. 1B) .
How effectively do existing priority areas conserve ecosystem services? We asked this question for three contrasting global biodiversity priority schemes (Fig. S2) : biodiversity hotspots (41), high-biodiversity wilderness areas (HBWAs) (42) , and Global 200 ecoregions (43) . The relative performance of the three prioritization schemes varied markedly across the four ecosystem services (Fig. 2) . For carbon storage and sequestration, HBWAs had the highest mean levels, whereas biodiversity hotspots had the lowest levels. Hotspots were, in fact, net emitters of carbon during the 1980s. In contrast, water provision and grassland production of livestock were highest in biodiversity hotspots and lowest in HBWAs (Fig. 2) . For all four services, Global 200 ecoregions offered intermediate levels of ecosystem service provision that were near to global averages (Fig. 2) .
As a simple illustration of how ecoregions might be prioritized for both biodiversity and ecosystem services, we plotted ecoregions on axes that quantify their rank importance for both attributes (Fig. 3) . We defined biodiversity importance as the number of endemic vertebrate species, adjusted for area. Combining ecosystem services is difficult without valuations to weight each service relative to others, so, for the purposes of this analysis, we defined ecosystem service importance by using carbon storage alone. We divided Fig. 3 into four quadrants, based on median values for each variable. Despite a lack of correlation between the two variables, many ecoregions lie in quadrant 4, with importance for both biodiversity and ecosystem services. These win-win ecoregions tend to be located in tropical forested regions (Fig. S3 ), whereas ecoregions with low priority for both carbon storage and biodiversity are mostly in desert or tundra regions.
Finally, we used data from one specific ecoregion to examine whether global patterns hold at the smaller scales where conservation decisions are typically made. Chan et al. (26) divided Table 2 . Correlations among log-transformed, per-unit-area ecosystem service production levels (n ‫؍‬ 574 ecoregions; Pearson correlation coefficients) the California Central Coast ecoregion of the United States into Ϸ12,000 hexagonal planning units and assessed levels of biodiversity and ecosystem services in each. This ecoregion occupies quadrant 4 in Fig. 3 , identifying it as a global win-win for conserving biodiversity and stored carbon. However, mapping the quadrant scores of individual hexagons within the ecoregion indicates an abundance of both win-win and trade-off locations (Fig. S4 , and see figure 2 in ref. 25 for similar results from more sophisticated analyses).
Discussion
The analyses presented here are clearly preliminary and are intended primarily for heuristic purposes. However, they do suggest some early lessons and important research priorities.
One of our most striking findings is simply how few ecosystem services we were able to include in our analyses. This suggests that major new interdisciplinary efforts will be required in order to quantify and map even a fraction of the most important ecosystem services-and to assess their coincidence with biodiversity-at global scales. Learning what we could from the available data, we found that conservation priorities aimed solely at biodiversity do not conserve optimal levels of the ecosystem services we examined, and vice versa. This can be seen by using both theoretical planning algorithms (Fig. 1) and actual portfolios for biodiversity conservation (Fig. 2) . More complete analyses, including additional ecosystem services and other aspects of biodiversity, may show better concordance. Nevertheless, our findings emphasize that such concordance cannot be assumed and needs to be tested empirically.
The pattern of service capture among global conservation priority schemes (Fig. 2) reflects the distribution of service beneficiaries within these regions. The benefits of carbon storage and sequestration are globally dispersed and do not depend on local beneficiaries. Accordingly, these services were highest in the low-human-density HBWAs. On the other hand, water provision and grassland production of livestock, which benefit people closer to the point of service production, were highest in the densely populated biodiversity hotspots. The intermediate levels of service provision for Global 200 ecoregions reflect that these regions include both wilderness areas and areas of dense human settlement.
Despite the overall lack of spatial concordance between biodiversity and ecosystem services (Table 2) , we were still able to identify win-win areas: ecoregions important for both types of targets (Fig. 3, quadrant 4) . In these places, PES are more likely than elsewhere to achieve biodiversity conservation objectives. Perhaps more importantly, Fig. 3 also identifies areas of trade-off, where biodiversity conservation is crucial but is less likely to be supported by PES (quadrant 3) or where PES will likely have lesser impact on global conservation (quadrant 1). Mapping out all four quadrants (Fig. S3) illustrates that priorities for both ecosystem services and biodiversity can be located to guide conservation investment.
Although global analysis can inform broad-scale priorities, it is clear that actual conservation investments typically occur at more local scales. We found that, although a California ecoregion falls within quadrant 4 in our global analysis (Fig. 3) , less than one-quarter of the planning units within it represent win-wins at more local scales (Fig. S4) . Hence, even win-win ecoregions can contain areas that represent trade-offs between conservation and ecosystem services. By extension, ecoregions in quadrants 1-3 (Fig. 3) will almost certainly contain local win-win opportunities, especially when services that operate over relatively small scales (e.g., pollination by wild insects) are considered. Although finer scale analyses will be essential for targeting specific conservation action, global analyses remain useful for identifying broad areas where taking such actions is most likely to benefit people.
Data availability severely limited our analyses. For the four ecosystem services we assessed, we were only able to assemble data on the first three elements that are needed for a comprehensive assessment (Table 1, rows 1-3) . Relatively speaking, mapping of the biophysical production (row 1) and flows of ecosystem services has perhaps seen the most progress, but, as we have indicated, much remains to be done (44, 45) . Identifying ecosystem service beneficiaries requires knowing who they are and where they live. Sociologists, anthropologists, and political scientists need to identify how social structure, cultural elements, and governance affect who benefits from ecosystem services and by how much (46) . On the economics side (Table 1, from ''monetizing'' our maps. Although there is a rich literature on economic valuation of the environment, research on how values vary spatially has only recently begun to emerge (24) . Beyond economic valuation, quantifying the net benefits of ecosystem conservation also requires spatially explicit data on the probabilities of conversion to other land use types (Table 1 , row 5), coupled with information on likely rates of service provision after conversion (Table 1 , row 6). Different management regimes within the same land use type can also alter levels of service provision (47) and so are another important consideration. These data limitations likely affect our comparative results in several ways. For example, natural pastures are difficult to distinguish from human-cleared areas by using remote sensing; therefore, we may have overestimated livestock production from natural pastures in the biodiversity hotspots, with their preponderance of cleared lands (Fig. 2) . More generally, the particular services and species we considered may have led us to overestimate how poorly priority areas for species conservation deliver services, and vice versa. Two of our four services (carbon storage and sequestration) peak in tropical and temperate forests and are, therefore, biased away from ecoregions with high vertebrate endemism, which are often island or montane areas (41) . Similarly, given our endemics-based biodiversity measure, our species data were limited to taxa with relatively large ranges, reducing the importance of broad areas of tropical forests. Both of these data biases act to drive the curves in Fig. 1 further apart, thus underestimating the degree to which planning for ecosystem services would capture biodiversity, and vice versa. For these reasons, we reiterate that our analyses are only a first-cut attempt to illustrate the types of questions that could be asked, and approaches that could be used, once more comprehensive data on ecosystem services are available.
Despite the challenges discussed here, comparisons between biodiversity and ecosystem services have the potential to inform decision-making. To realize this potential, we need to learn how to rigorously quantify and map more elements of more services. Such an improved understanding would allow us to operationalize a principle that is becoming increasingly clear: that human welfare is linked in diverse ways to biodiversity conservation and that sustainable development should involve managing for both.
Materials and Methods
Carbon Sequestration. We used NCE results from the TEM model (32) as a proxy for carbon sequestration. TEM is a terrestrial biosphere model that simulates carbon exchange between the atmosphere and terrestrial biosphere on the basis of vegetation types, soils, climate, atmospheric CO 2, and land use history. We used results from the S3 simulation of TEM (31) , in which atmospheric CO 2 concentrations, cropland expansion, and climatic conditions were all varied simultaneously. The model was run to equilibrium to 1880 and then run transiently through 1992. In ref. 31 , annual NCE was calculated as heterotrophic respiration minus the sum of net primary productivity, carbon emissions from the conversion of natural vegetation to cropland, and carbon emissions from the decay of forest and agricultural products (units ϭ t C ha Ϫ1 yr Ϫ1 ). Note that for our analyses, we multiplied NCE from ref. 31 by Ϫ1, meaning that positive numbers indicate a net sequestration of carbon from the atmosphere to the biosphere, whereas negative numbers indicate a net release of carbon from the biosphere to the atmosphere. We used average NCE for the 1980s (the most recent decade for which simulation data were available) to most closely approximate current carbon fluxes while also accounting for interannual variability.
Carbon Storage. Olson (33) originally estimated biome-level carbon values in preagricultural live vegetation through extensive field observations, inventories, and analyses of literature values. The updated dataset we used (33) mapped carbon values from Olson's original biome types to land cover types of the GLC2000, hence providing an estimate of carbon stored in vegetation circa the year 2000. Although the dataset enjoys widespread use in carbon cycling research, its major deficiency is that whole biomes are assigned a single carbon value, neglecting major within-biome variability due to heterogeneity in climate, land use, soils, and topography.
Grassland Production of Livestock. To map livestock production on natural pastures, we used recently developed 5Ј-resolution global maps of livestock distributions (34) . These maps use regression-based methods to estimate the expected density of cattle, sheep, goats, pigs, poultry, and buffalo across the earth's surface. For each livestock type, we used these density estimates and data on the mass of edible meat per animal (estimated by country from United Nations Food and Agriculture Organization data) to estimate the tons of meat produced in each cell. A global producer price was used to weight different livestock types; using these weights, an aggregate index of livestock production was obtained by summing the weighted livestock meat weights. We then constructed a global map of natural pastures by combining a 5Ј-resolution potential vegetation dataset of savanna, grassland/steppe, and shrubland biome types (35) and then masking out all known human-altered landscapes by using the GLC2000 (36) . We intersected the livestock production index and the map of natural pastures to produce a global map of livestock production on natural pastures, which, unlike for the other services we consider, restricts the production domain to wild nature. We aggregated the map of livestock production from 5Ј to 0.5°spatial resolution for consistency with the other ecosystem service datasets evaluated here.
Water Provision. We used a global hydrological model to map water provision for human consumptive use. The WaterGAP 2 model provides data at 0.5°s patial resolution on annual water availability (surface runoff and total discharge) and consumptive water use per sector (e.g., industrial, domestic, irrigation, and livestock), averaged over a 30-year period (1961-1990) (37) . We summed consumptive water use across the four sectors to produce a spatially explicit map of total water use in biophysical units (cubic kilometers per year). We then attributed the volume of water consumption back to its points of origin by using a basin-level perspective of water production. Drainage basins for the globe were identified from a 0.5°global drainage direction map (DDM30) (38) . We calculated the proportional contribution of each cell to the total water production of the basin in which it resides, calculated the amount of total water consumption for that basin, and then redistributed the total consumption according to the proportion of basin-wide water production at each grid cell. By redistributing the volume of water consumption in this manner, we arrived at a coarse estimate of total water use attributed to point of origin.
Additional Materials and Methods. For further details on the methods and materials used in this study, see SI Materials and Methods.
